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EXECUTIVE SUMMARY 


A method for measuring the heat release rate of milligram-sized samples is described in this report, 
Pyrolysis-combustion flow calorimetry (PCFC) separately reproduces the solid-state and gas phase 
processes of flaming combustion in a nonflaming test by rapid controlled pyrolysis of the sample 
in an inert gas stream followed by high-temperature oxidation (combustion) of the pyrolyzate in 
excess oxygen. The rate at which the sample releases its heat of combustion is calculated from the 
oxygen consumption history. The heat of combustion is obtained from the time integral of the heat 
release rate. 
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BACKGROUND 


The rate at whieh heat is released by a burning material is the single most important parameter 
determining its hazard in a fire, particularly in an enclosed space such as a building, a ship, or an 
aircraft cabin [1, 2, and 3], Several different bench scale methods have been developed for 
measuring heat release rate during flaming combustion of materials, products, and components [4 
and 5]. These bench scale fire calorimetry methods require replicate samples on the order of a 100 
grams each, and the results are highly dependent on the ignition source [6], sample thickness [7], 
sample orientation [8], ventilation [9], and edge conditions [8], all of which combine to make the 
test data configuration dependent and to obscure the effect of material properties and composition 
on burning behavior. 

The desire for a quantitative analytical laboratory test that correlates fire behavior or flame test 
performance with material properties has been the motivation to relate thermogravimetric analyses to 
flammability [10, 11, 12, and 13]. To date, most thermogravimetric investigations of flammability 
have relied on a single thermal stability parameter (e.g., char yield or thermal decomposition 
temperature) to relate the chemical composition of a material to its fire or flame test performance 
(e.g., char yield versus limiting oxygen index). Individually, these thermal stability parameters have 
found limited success as material descriptors of flammability and their interrelationship in the 
context of flaming combustion has remained obscure until recently, when it was shown that a 
particular combination of thermal stability and combustion parameters could correlate fire behavior 
[14]. 

Laboratory methods that directly measure heat release rate of milligram-sized samples of materials 
have been developed to study the effect of material properties and chemical composition of 
materials on combustibility under controlled conditions. Susott [15, 16, and 17] was the first to 
measure the heat of combustion of organic materials using transient heating and oxygen 
consumption. In Susotf s method, milligram-sized samples of forest products (fohage, wood, 
stems, and bark) were pyrolyzed in an inert gas stream at a constant rate of temperature rise, and the 
pyrolysis gases were combined with oxygen prior to entering a catalytic reactor. Pyrolysis was 
conducted under inert gas flow to prevent oxidation of the char residue. The rate of oxygen 
consumption was determined from the electrolytic oxygen generation rate using a null-balance, 
closed-loop technique. Only qualitative information was oNained for the dynamics of the fuel 
generation process because the oxygen consumption signal was distorted by the instrument and, 
therefore, was not synchronized with the mass loss history of the sample. Pyrolysis residue/char 
fraction was measured by weighing the sample before and after the test and the heat of combustion 
of the char was determined separately. Sample heating rates were limited by the dynamic capability 
of the oxygen generator to less than 16 K/min. The rate of heat released by complete oxidation of 
the pyrolysis gases during thermal decomposition of the sample was calculated from the measured 
oxygen consumption rate using an average gross heat of combustion for forest products of 14.0 
±0.5 kJ/g-02. The water produced in flaming combustion is in the gaseous state so the relevant 
heat of combustion is the net value obtained by subtracting the heat of vaporization of water from 
the gross heat of combustion. Converting Susott’s gross heat of combustion to a net value gives 
13.3 ±0.5 kJ/g-Oj which is equivalent to the currently accepted value 13.1 ±0.7 kJ/g-O^ used in 
oxygen consumption fire calorimetry [5, 18, 19, and 20] as determined from data on a wide range 
of organic solids and polymers [21 and 22], as well as liquids and gases [23]. Susott did not 
measure mass loss during the pyrolysis-combustion experiment but normalized the total heat of 
combustion of the volatiles to the starting sample mass on an ash-free, dry fuel basis. The gross 
heat of combustion of the char determined in separate oxygen bomb calorimetry experiments [24] 
was found to be relatively independent of the fuel type at 32.0 ±0.9 kJ/g for the 43 typical forest 
fuels tested. 

Parker [25 and 26] claims to have improved on Sussot’s nonflaming dynamic combustion method 
by using a step-change in temperature to pyrolyze the sample at a heating rate considered to be 
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more typical of the surface conditions in a fire. In Parker’s device, samples of cellulose are inserted 
into a preheated, nitrogen-purged furnace resulting in a rapid uncontrolled temperature change and 
subsequent pyrolysis. An impinging stream of oxygen is mixed with the inert gas-pyrolyzate 
stieam in a catalytic reactor. Combustion gas concentrations (O,, CO 2 , H,0) are measured and 
oxygen consumption is used to calculate the heat release rate of volatile fuel combustion. Although 
mass loss is not measured directly during the test, transient oxygen depletion and combustion gas 
generation were used to calculate the mass loss rate of cellulose from its known chemical structure. 
Babrauskas and Parker [27] later refined Parker’s device for the measurement of the fuel/oxygen 
ratio of fire gases. 

Reshetnikov, et al. [28 and 29] used an experimental arrangement similar to Parker [25 and 26] in 
their study of the gas phase oxidation kinetics of polymer decomposition products. In 
Reshetnikov’s technique, milligram polymer samples are decomposed isothermally in an inert gas 
stream and excess oxygen is added to the volatile fuel stream at various temperatures to effect 
oxidation. A gas chromatograph with flame ionization detector was used to sample the fuel stream 
prior to mixing with oxygen in order to separate and identify the individual products of 
decomposition. Gas phase oxidation kinetics of the fuel species are computed from the measured 
oxygen consumption history using isothermal methods of analysis. Reshetnikov’s device 
measures the rate of combustion (oxidation) of the fuel gases but not the rate at which these gases 
are produced by the decomposing solid as it is heated, the latter being the rate limiting process in a 
fire. 

Lasers have been used to pyrolyze polymers for flammability studies by Price [30] and Angel [31]. 
The pyrolysis gases were analyzed by mass spectrometry and laser-induced fluorescence of 
hydroxyl radicals, respectively. In combination with thermochemical calculations of the heat of 
combustion of the fuel species, laser pyrolysis methods can provide an estimate of the total heat 
released by the polymer. 

Commercial thermogravimetric analyzers (TGA) have been used to thermally decompose milligram 
samples under controlled heating and environmental conditions for flaming and nonflamins 
combustion studies. Coupling the TGA to an evolved gas analysis (EGA) detector, which is 
synchronized with the mass loss signal, provides dynamic (rate) capability during the test and 
allows for interpretation of the transient evolved gas data in terms of the decomposition kinetics of 
the solid using established methods of nonisothermal analysis [32, 33, 34, and 35] and thermal 
degradation models for charring and noncharring polymers [36]. 

Flaming combustion in a TGA was used by Gracik et al. [37 and 38] in combination with evolved 
gas (CO, CO 2 ) analysis to study the flammability of fiber reinforced polymer composites. In 
Gracik’s test, a 50 mg sample is heated at a rate of 20 K/min in air in a commercial 
thermogravimetric analyzer until ignition occurs. Flaming combustion of the sample in the TGA 
produces carbon dioxide (CO 2 ) and some carbon monoxide (CO) which are measured and used to 
calculate the heat release rate [39]. An advantage of CO 2 /CO generation (CDG) calorimetry 
compared to oxygen consumption calorimetry as a measure of combustion heat is the higher 
sensitivity and lower cost of the CO 2 /CO detector(s), but the method is more sensitive to fuel type. 
Gracik’s method is essentially a scaled down version of the early Factory Mutual Research 
Corporation fire calorimeter, [40] but uses a controlled heating rate instead of a controlled heat flux 
to force gasification of the solid. 

Nonflaming combustion of volatile fuel products generated in a TGA was used by Kifer [41] who 
studied fire retarded polymers and wood using a high-temperature flame ionization detector (FID) 
to burn the pyrolysis gases generated in a nitrogen-purged TGA. The FID signal is proportional to 
the total carbon in the pyrolysis gases, so that the integrated value, which was assumed to be 
proportional to the total heat release, was related to the flammability of the material. Walters and 
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Lyon [42 and 43] and Inguilizian [44] determined the heat release rate of milligram samples using 
controlled heating in a TGA to thermally decompose the polymer and determined the heat release 
rate of the solid from the product of the maximum mass loss rate in the TGA and the net heat of 
combustion of the volatile pyrolysis products. Walters and Lyon used oxygen consumption 
calorimetry to measure the heat of combustion of the pyrolysis products while Inguilizian calculated 
the heat of combustion from the oxidation thermochemistry of the primary fuel species identified 
by gas chromatography (GC)-mass spectrometry (MS). 

The present method of pyrolysis-combustion flow calorimetry (PCFC) seeks to improve upon 
laboratory pyrolysis-combustion methods by providing dynamic capability for solids without the 
need to measure mass loss rate during the test. Because the PCFC combustibility test uses 
milligram samples rather than the kilogram samples of fire calorimetry, it is microscale by 
comparison to flaming heat release rate tests. 

PRINCIPLE OF OPERATION 


Pyrolysis-combustion flow calorimetry measures the rate at which the heat of combustion of the 
fuel gases is released by a solid during controlled pyrolysis in an inert gas stream. The fuel gases 
are mixed with excess oxygen and combusted (oxidized) at high temperature, and the instantaneous 
heat of combustion of the flowing gas stream is measured by oxygen consumption calorimetry. 
Because gas phase combustion reactions are rapid at flame temperatures of 900°-1200°C the rate at 
which combustion heat Q is liberated per unit time t in the PCFC or in a fire is limited by the fuel 
generation rate of the thermally decomposing solid. Thus, the heat release rate dQ/dt is 
proportional to the mass generation rate of volatile fuel or to the mass loss rate of the solid 


Q.(t) 


dQe(t) 

dt 


= h“ (t) 


dm^(t) 

dt 


= -h” (t) 


dm,(t) 

dt 


( 1 ) 


where the proportionality factor h[ ^ is the enthalpy (heat) of complete combustion of the volatile 
pyrolysis products of mass m„, and m, is the instantaneous residual mass of solid. In a fire, 
volatiles are generated anaerobically at the surface of the material over a range of temperatures and a 
distribution of molecular weights and atomic compositions are produced [45], so that in general 
he v° varies over the rhass loss history and cannot be treated as a constant as shown in equation 1. 
In many cases, low-molecular weight organic and inorganic (e.g., HCl, SO,^) species are cleaved 
from the polymer backbone and released in the initial stages of fuel generation followed by higher 
molecular weight organic compounds in the intermediate and latter stages [45 and 46]. For 
materials which form a carbonaceous char during the fuel generation process, the instantaneous 
atomic composition of the volatiles will necessarily differ from the atomic composition of the 
original material [17], with hydrogen being evolved in a secondary, high-temperature decomposition 
step [13]. Consequently, a constant heat of combustion for the volatile fuel, which is equal to the 
heat of combustion of the solid hc,s°, cannot be assumed except for a few cases, e.g., polymers 
which thermally depolymerize (unzip) exclusively to monomer (e.g., polymethylmethacrylate, 
polyoxymethylene, poly (a-methylstyrene) or to a single, known species. Thus, hc,v°(t) must be 
determined continuously during the course of the fuel generation process to obtain Q^(t) from the 
mass loss rate. Continuous determination of h” „ during fuel generation is time consuming, so 
average [42 and 43] or instantaneous [44] values of hjl „ have been used instead. 


Thornton [23] made the experimental observation that the net heat of complete combustion of 
typical organic molecules per mole of oxygen consumed is relatively constant atE = 419 ±19 
kJ/mol-02 =13.1 ±0.6 kJ/g-02, and is essentially independent of the chemical composition of the 
combusted material. Sussot [15], Huggett [21], and Babrauskas [22] later confirmed this result for 
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wide range forest products, chemical compounds, and organic polymers, thereby establishing 
oxygen consumption as the preferred method for determining heat released in flaming combustiom 
Thus, to a good approximation (±5%), the net heat of complete combustion of the volatile 
degradation products, regardless of chemical composition is 

^(0 hc^v'’(0 — E AmQ2(t) (2) 

where Amo^Ct) is the mass of diatomic oxygen consumed. Substituting the time derivative of 
equation 2 into equation 1 


A ,, o dniit) 

Qc(t) = -hcv(t) = EAmo,(t) ( 3 ) 

shows that the instantaneous heat release rate of the solid Q^(t) (Watts) resulting from complete 
and instantaneous combustion of the volatile decomposition products can be determined from the 
product of the mass loss rate and heat of combustion of the fliel, or more simply from the mass 

consumption rate of oxygen Amo,(t) = m^,- iho^Ct). Equation 3 shows that the rate at which 

heat is released by combustion of the fuel gases during controlled polymer thermal degradation can 
be obtained by measuring the mass of oxygen consumed—^and this result is independent of the 
composition of the fuel. The total heat of combustion of the volatiles (Joules) after the pyrolysis 
process is complete and the rate of oxygen consumption returns to zero is simply the time integral 
of equation 3 



. ^ oo 

Qc(t)dt = EJ^ Amo/t)dt 


(4) 


While equation 3 provides a means for relating oxygen consumption measured downstream from a 
pyrolyzer (or burning surface) to the heat release rate histoiy of the polymer, the oxygen signal 
must be synchronized with the fuel generation (mass loss) histoiy of the sample. Unfortunately, 
the flow process of combustion gases from the pyrolyzer (or burning surface) to the oxygen 
analyzer distorts the oxygen signal. While distortion of the oxygen consumption signal does not 
effect the measurement of the total heat of combustion [15, 25, and 28], the fuel generation history 
of the solid sample is obscured unless its mass loss rate is measured [37 and 42]. Comparison of 
PCFC heat release rates to those measured by TGA-GC/MS [44] showed that the oxygen signal of 
the combustion flow calorimeter could be corrected for instrumental broadening if the dynamic 
response of the instrument to a known heat release history is measured so that standard techniques 
of signal deconvolution can be applied. A simple mixing model for the pyrolysis-combustion flow 
calorimeter (see appendix A), which was confirmed by experiment, gives the heat release rate of the 
solid in terms of the change in oxygen concentration 0 measured at the detector as 


Qc(t) = EpF 


V 


0 + X — 
dt 


) 


(5) 


where p and F are the gas stream density and volumetric flow rate, respectively, and x is the 
response time of the instrument. 

Although the laboratory measurement of nonflaming heat release and heat release rate by PCFC is 
described by equations 4 and 5, respectively, the relationship of these quantities to material 


4 



properties remains to be demonstrated. It has been shown that the fuel generation process of a 
combustible material in a fire is anaerobic [47 and 48], so that the methodology of analytical 
pyrolysis should be applicable to the study of the behavior of materials in fires. In particular, the 
maximum fractional mass loss rate of a polymer which thermally decomposes completely in a 
single-step to volatile fuel gases and a residue fraction p when heated at a constant rate of 
temperature rise p is [47 and 48] 


1 dm 


m„ dt 


max 



( 6 ) 


where E, is the global activation energy for pyrolysis, Tp is the temperature of maximum mass loss 
rate, and e, R are the natural number and gas constant, respectively. Multiplying equation 6 by the 
heat of combustion of the fuel gases gives the maximum specific heat release rate of the solid (W/g) 


’ max 

qc 


* max 

Qc 

mo 




(7) 


where h[= (1-p) h" „ is the heat of combustion of the fuel gases per unit initial mass of solid m^. 
The maximum specific heat release rate (equation 7) contains only P and material properties which 
depend on the chemical composition of the material. Normalizing q,. for heating rate gives a time- 
and rate-independent material flammability property 1 ]^,, which has the units and significance of a 
heat [release] capacity [14], • 


* max 



(i-hKa 

EpF 

L de) 

eRTp 

pm„ 

1 dtj 


( 8 ) 


The heat release capacity is proportional to the combustibility ratio [9] in fire science, h" ,./hg, where 
h is the total heat required to gasify unit mass of material. The heat release capacity is a true 
material property in that it depends only on thermodynamic state variables (h“,,, hg), is independent 
of sample size and heating rate, is calculable from polymer structure using additive molar group 
contributions [14], and can be measured by different methods [44]. The following sections 
describe the construction, calibration, and operation of a flow calorimeter that measures dynamic 
(heat release rate) and static (heat release capacity, char yield, and heat of combustion) combustion 
parameters using only milligram samples and oxygen consumption calorimetry. 

INSTRUMENT CONSTRUCTION 

Figure 1 is a schematic diagram showing how the component processes of flaming combustion are 
reproduced in pyrolysis-combustion flow calorimetry. The apparatus is based on Susotfs original 
concept [15, 16, and 17] of linear programmed heating of milligram samples in an inert 
(nonoxidizing) atmosphere to separate the processes of char formation and gas phase combustion 
which normally occur in a fire. In the present device, the sample is heated using a hne^ 
temperature program, and the volatile thermal degradation products are swept from the pyrolysis 
chamber by an inert gas and combined with excess oxygen in a tubular furnace at flame 
temperatures to force complete nonflaming combustion (oxidation) of the fuel. Combustion 
products CO 2 , H^O, and acid gases are scrubbed from the gas stream and the transient heat release 
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rate is calculated from the measured flow rate and oxygen concentration after correcting for flow 
dispersion. The maximum (peak) value of the PCFC heat release rate normalized for the initial 
sample mass and heating rate is a material flammability parameter with units of heat [release] 
capacity (J/g-K) which depends only on chemical composition of the sample and is proportional to 
the burning rate of the material in a fire. Time-integration of the PCFC heat release rate gives the 
heat of complete combustion of the pyrolysis gases and the char yield is measured by weighing the 
sample before and after the test. If the pyrolysis is conducted in air so that there is no possibility of 
char remaining after the test, time-integration of the oxygen consumption signal gives the net heat of 
complete combustion of the solid, as would be determined in a high-pressure oxygen bomb 
calorimeter [49]. 



Flaming Combustion Pvroivsis-Combustion Flow Calorimeter 


FIGURE 1. SCHEMATIC OF FLAMING COMBUSTION AND 
PYROLYSIS-COMBUSTION FLOW CALORIMETRY 


PYROLYZER . 

Initial studies using a commercial TGA to pyrolyze the polymer samples [42 and 43] were 
unsuccessful due to condensation of the thermal decomposition products in the TGA cell and 
heated transfer line. Smearing of the output signal (heat release rate) was also observed because of 
dilution of the pyrolysis gases with nitrogen in the large mixing volume of the TGA cell. Moreover, 
the maximum heating rate capability of the TGA (100-200 K/min) was well below the heating rates 
in fires, which can be as high as several hundred degrees per minute [47]. For these reasons, a 
temperature-controlled pyrolysis chamber was designed that could be continuously purged with 
gas, coupled directly to the combustion furnace, and accept a commercial probe pyrolyzer 
(Pyroprobe 1000/2000, CDS Analytical) to gasify the sample. This arrangement provided 
consistent temperature and minimum dead-volume with the probe in place for the experiment as 
shown in figure 2. The probe pyrolyzer body is 6.4 mm in diameter and contains a 3-mm diameter, 
25-mm-long platinum resistance coil which heats the sample at a constant rate in the range of 
P = 20 X 10'^ to 20 X 10^ K/s. At the highest heating rate, the temperature history of the sample 
approximates a step change to a preset temperature and in this mode can be used to study the 
isothermal pyrolysis kinetics of liquids and solids by pulsed heating [50]. 
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nGURE2. PCFC PYROLYZER AND PYROLYSIS CHAMBER 

Mass transfer efficiency from the heated pyrolysis chamber to the combustor was studied for a few 
polymers (polyethylene, polyetheretherketone (PEEK), and KEVLAR^m) to determine the 
minimum temperature necessary to maintain all of the pyrolysis products in the gaseous state 
entering the combustor. Mass transfer efficiency was calculated as the ratio of the time-integrated 
heat release rate (total heat of combustion) of the pyrolysis gases at cell temperature T, i.e., h“ ^(T) 

to the maximum value obtained in the experiments, i.e., mass transfer efficiency = 
h" ,(T)/h" ..(max). The results of these studies are plotted in figure 3 as the mass transfer efficiency 
versus pyrolysis chamber temperature. Figure 3 shows that high molecular weight thermal 
degradation products are generated during pyrolysis which boil at temperatures approaching the 
decomposition temperature of the polymer. Loss of these low volatility fuel products by 
condensation between the pyrolyzer and combustor significantly reduces the peak heat release rate 
and total heat release unless the pyrolysis chamber temperature is held to within a few degrees of 
the 1% weight loss temperature of the sample. 



FIGURE 3. EFFECT OF PYROLYSIS CELL WALL TEMPERATURE ON 
MASS TRANSFER EFFICIENCY OF PYROLYSIS GASES FOR 
PEEK, KEVLAR™, AND POLYETHYLENE 
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A mass flow controller measures and controls the flow of pure (99.99%) nitrogen at 82 cmVmin 
into the heated pyrolysis chamber to provide an anaerobic pyrolysis environment!^ Volatile pyrolysis 
products are swept out of the pyrolysis manifold and 18 cmVmin of pure (99.99%) oxygen is 
metered into, and mixed with, the nitrogen-pyrolyzate stream prior to entering the combustor!" The 
pyrolysis chamber is held slightly below the decomposition temperature of the sample, as 
deteimined in a separate TGA experiment at moderate (10-20 K/min) heating rate, to prevent 
condensation of high molecular weight decomposition products on the walls of the chamber. 

COMBUSTOR . 

The combustor is a coiled, 5 meter length of 6.35-mm diameter Inconel tubing having a wall 
thickness of 0.89 mm, a coiled length of 24 cm, and an outer coil diameter of 5 cm as shown in 
cross section in figure 4. The coiled combustion tube is contained in a ceramic furnace capable of 
maintaining a maximum temperature of 1200°C. The Inconel tubing in the ceramic heater is 
surrounded with 5-cm of ceramic fiber insulation and a 3.4-mm-thick cylindrical aluminum shell. 
The combustion tube length was selected to provide a residence time of approximately 60 seconds 
at a volumetric flow rate of 100 cm^/min in order to completely oxidize the pyrolyzate stream. 
Published studies of the oxidation of the products of flaming combustion showed that a residence 
time of 60 seconds at 1000°C was required to completely oxidize the largest size soot particles 
observed in real fires [27]. However, gaseous pyrolysis products and fire gases are completely 
(>99%) oxidized in a few seconds at the nominal 900°C combustor temperature, as deduced from 
high-temperature gas phase oxidation kinetics [28 and 51]. 



-15 -10 -5 0 5 10 15 


Distance From Center (cm) 

FIGURE 4. COMBUSTOR CROSS SECTION AND TEMPERATURE 
DISTRIBUTION FOR 900°C SETPOINT 
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The temperature distribution along the length of the Inconel tubing coil was measured using a 
shielded thermocouple probe positioned at several locations along the inside surface of the coil with 
nitrogen flowing through the coil at 100 cm^/min. These experiments were repeated for various set 
point temperatures. A nearly symmetric temperature distribution about the coil midpoint location is 
observed, as shown in figure 4, for the nominal 900°C set point temperature. 

COMBUSTION GAS SCRUBBING . 

The gas stream exiting the combustor contains nitrogen, combustion products, and unreacted 
oxygen. This combustion gas stream enters two 6-mm diameter Teflon tubes, 25 cm long, 
connected in series and tightly packed with anhydrous calcium sulfate (Drierite™) and sodium 
hydroxide coated silica (Ascarite'*’'^), respectively, to remove any H 2 O, acid gases, and CO 2 from the 
sample stream. After cooling and scrubbing, the combustion gas stream contains only nitrogen and 
the residual oxygen which was not consumed in the combustion reactions. It is important to 
remove extraneous gases from the combustion stream so that they do not dilute the oxygen 
measured by the oxygen analyzers. The flow rate of the scrubbed combustion gas stream (= 100 
cm^/min) is measured by a mass flow meter and continuously recorded by the data acquisition 
system. 

DATA ACQUISITION . 

The mass flow rate of pure oxygen entering the nitrogen-pyrolyzate stream is set by the mass flow 
controller assuming ideal gas behavior. The mass flow rate of oxygen in the scrubbed sample 
stream after combustion of the volatile polymer degradation products is determined from the 
measured mass flow rate of the gas stream and the concentration of oxygen measured by a high¬ 
speed commercial oxygen analyzer. For the present work, either a polarographic (Rosemount 
Analytical OM-11 EA) or a zirconia (Panametrics Series 350) oxygen analyzer was used having a 
90% response time of less than 1 second and an accuracy ±1% of full scale (0-20% O 2 , v/v). 
Temperatures of the pyrolysis probe, pyrolysis chamber, combustor, and gases are monitored 
continuously during the test as well as gas and sample stream flow rates and oxygen concentration. 
Data are acquired at 5 Hz on a personal computer during the experiment using a multichannel data 
acquisition board and software (National Instruments). To determine the heat release rate from 
oxygen consumption, the mass flow rate, temperature, and oxygen concentration of the gas stream 
before and after combustion of the pyrolysis products are measured. 

EXPERIMENTAL 


MATERIALS . 

Polymer samples were unfilled, natural, or virgin-grade resins obtained from Aldrich Chemical 
Company, Scientific Polymer Products, or directly from manufacturers. Methane, oxygen, and 
nitrogen gases used for calibration and testing were dry, >99.99% purity grades obtained from 
Matheson Gas Products, Welco, and Praxair. 

INSTRUMENT CALIBRATION . 

Steady-state calibrations were performed by metering methane gas directly into the pyrolyzer in a 
continuous stream and measuring the oxygen depletion of the scrubbed gas stream after complete 
combustion. Steady-state oxygen depletion was in quantitative agreement with expected values 
using the net heat of combustion of methane and the stoichiometric fuel/oxygen ratio. Square-wave 
fuel pulses were generated using a syringe pump containing methane to test the dynamic response 
of the flow calorimeter to an instantaneously applied ((3 = 00 ) heat release rate. A characteristic time 
X = 6 seconds for the instrument was obtained from the dynamic response of the oxygen depletion 
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signal to the step change in methane flow (heat release rate) as per equation A-6 in the appendix A. 
Equation 5 with T = 6 seconds was then used to deconvolute the oxygen consumption history for 
the square-wave methane heat release rate pulse with the results shown in figure 5. It is seen that 
the pulse-shape fidelity of the deconvoluted heat release rate is very good with only a sli<^ht 
overshoot at the step changes because of signal noise. * 



FIGURE 5. HEAT RELEASE RATE SIGNAL FOR SQUARE WAVE METHANE 
CALIBRATION PULSES BEFORE AND AFTER SIGNAL DECONVOLUTION 

TEST PROCEDURE . 

In the present method, samples are dried for at least 8 hours at 75°C in a convection oven and held 
in a dessicant chamber until testing. A dry sample weighing 1.0 ±0.2 milligrams is placed into a 
preweighed, thin-walled, quartz capilkuy tube which is 2.5 mm in diameter and 10-12 mm long. 
The sample and tube are weighed on a microbalance to an accuracy of ±2 micrograms to determine 
the initial (mo) and final (m) sample mass after subtracting the weight of the quartz tube. The 
quartz tube containing the sample is inserted into the heating coil of the pyrolysis probe and the 
probe is inserted into the pyrolysis chamber and sealed. The pyrolysis chamber is equilibrated at a 
temperature which is a few degrees below the onset degradation temperature of the sample 
determined in separate TGA experiments at a heating rate in the range of 10 K/min. A heating rate 
calibration is performed using a fine thermocouple in a quartz sample tube to measure the actual 
rate of temperature rise of the sample at the nominal programmed rate. 

A constant rate of temperature rise (ramp) is used to heat the sample to a hold (soak) temperature 
which is well above the thermal decomposition range of typical combustible solids. The ramp and 
high temperature soak program forces complete thermal decomposition of most combustible solids, 
so that equations 6 through 8 apply and the heat release rate has physical significance in terms of 
material properties. Selecting a hold temperature which corresponds to a particular fire environment 
(heat flux), but which is within the normal temperature range of the polymer thermal decomposition, 
discriminates between materials with regard to heat resistance but not fire resistance since, in 
general, the fire heat flux is not known apriori. Therefore, in order to obtain an unambiguous 
measure of the capacity of a combustible material to release heat in a fire, the standard pyrolysis- 
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combustion heat release rate test involves heating the sample at a constant rate (260 Kymin, 
typically) to a maximum temperature of 930°C and holding the sample at the maximum temperature 
for 10 to 120 seconds to effect complete pyrolysis. The volatile pyrolysis products are generated 
during the temperature ramp and are swept from the pyrolyzer by nitrogen gas flowing at 82 
cmVmin to which is added 18 cmVmin of pure oxygen at the inlet to the combustor. Combustion 
gases are scrubbed to remove carbon dioxide, water, and acid gases (if any), and the gas stream 
passes through the flow meter and oxygen analyzer. Deconvolution of the oxygen consumption 
signal is performed during the test, and the heat release rate, heat release capacity, and total heat of 
combustion are calculated and displayed. The quartz tube is weighed after the test to determine the 
mass of sample residue. 


RESULTS 

All data reported in this section are an average of values from 3-5 tests. The repeatability of heat 
release rate measurements for a single operator is estimated to be ±3% and accuracy is ±7%, with 
the majority of the error associated with moisture pickup during the weighing and handling of small 
(1 mg) samples and the noise in the deconvoluted signal. Repeatability and accuracy of total heats 
of combustion obtained by time integration of the heat release rate is ±5%. 

HEAT RELEASE RATE . 

Figure 6 shows experimental heat release rate data for several polymers heated at a constant rate of 
260 K/min to a maximum temperature of 930°C and held at the maximum temperature for 10 
seconds. Included in this data are polyethylene (PE), polypropylene (PP), polystryene (PS), 
acrylonitrile-buatdiene-styrene terpolymer (ABS), polymethylmethacrylate (PMMA), 
polyethyleneterphthalate (PET), polyetheretherketone (PEEK), and polybenzimidazole (PBI). It is 
seen that the maximum specific heat release rates of these commercial polymers varies by more than 
a factor of 10 and that the magnitude is in qualitative agreement with their flammability as ranked in 
small scale ignition tests [52]. 



0 50 100 150 200 250 300 


Time (seconds) 

FIGURE 6. SPECIFIC HEAT RELEASE RATE DATA FOR SEVERAL 
COMMON POLYMERS AT A HEATING RATE OF 260 K/min 
(Horizontally shifted for clarity) 
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Experiments were conducted in which the heat release rate of 1-milligram samples of several 
common polymers was measured for heating rates ranging from 0.1 to 10 K/s. Figure 7 shows the 
results of these experiments plotted as the maximum specific heat release rate versus heatina rate. 
Below a heating rate of about 5 K/s, the maximum specific heat release rate is proportional lo the 
sample heating rate as per equation 7 with slope equal to the heat release capacity of the sample as 
per equation 8. Above a heating rate of about 5 K/s, the specific heat release rate is no longer 
proportional to the heating rate due to thermal lag of the sample and quartz tube. In practice^ a 
single heating rate below the proportional limit (p = 4.3 K/s, typically) is used for the experiment 
and the maximum heat release rate is divided by it to obtain the heat release capacity. 
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FIGURE 7. SPECIFIC HEAT RELEASE RATE VERSUS HEATING RATE FOR 
1 -milligram SAMPLES OF SEVERAL COMMON POLYMERS 

HEAT RELEASE CAPACITY . 

Heat release capacities were calculated by dividing the maximum specific heat release rate of the 
sample (c.f, figure 7) by the actual heating rate in the test (260 K/min) and the results compared to 
values obtained from TGA-gas chromatography/mass spectrometry data (TGA/GC-MS) [44 and 
53] at a heating rate of 10 K/min. In the TGA/GC-MS, the instantaneous heat of combustion, 
h“ ^(t), at peak mass loss rate was computed from the thermochemistry of the major species 
identified by mass spectroscopy. The heats of combustion so calculated were multiplied by the 
instantaneous maximum fractional mass loss rate in the TGA to obtain the maximum specific heat 
release rates as per equation 1. Dividing the maximum heat release rate by the initial sample mass 
and heating rate P = 10 K/min gives the TGA-GC/MS heat release capacity for comparison to the 
direct determination by PCFC at p = 260 K/min. Results for the same samples tested by the two 
different test methods are shown in table 1. The average weighted difference between the heat 
release capacities obtained by the two different techniques (i.e., fcpC and TGA/GC-MS) is ±9% 
for the 14 polymers in table 1. 
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TABLE 1. HEAT RELEASE CAPACITffiS MEASURED BY PCFC AND TGA-GC/MS 


Polymer 

Heat Release Capacity (J/g-K) 

PCFC 

(P = 260 K/min) 

TGA/GC-MS 
(p = 10 K/min) 

Polyethyene (PE) 

1600 

1422 

Polyproplylene (PP) 

1391 

1338 

Polystyrene (PS) 

1198 

1302 

Poly(a-methyl)styrene 

730 

695 

Polyphenyleneoxide (PPO) 

553 

635 

Polyhexamethyleneadipamide (nylon 6,6) 

494 

509 

Polyethyleneterphthalate (PET) 

393 

407 

Polycarbonate (PC) 

390 

470 

Polymethylmethacrylate (PMMA) 

376 

360 

Poly(p-aramide) (KEVLAR™) 

292 

207 

Polyoxymethylene (POM) 

261 

233 

Polyetheretherketone (PEEK) 

180 

222 

Polyphenylenesulfide (PPS) 

156 

118 

Polyimide (PI) 

29 

31 


HEATS OF COMBUSTION . 

Experiments were conducted using dry air as the purge gas in the pyrolyzer during the heating 
cycle so that the sample was pyrolyzed in the presence of oxygen and all of the char was oxidized 
during a 2-minute hold period at 930°C. Figure 8 shows heat release rate data for oxidative 
pyrolysis of the polycarbonate of bisphenol-A (PC)—a polymer which normally shows a single 
heat release rate peak and forms about 20%-25% char when pyrolyzed under anaerobic conditions. 
The total oxygen consumed in this experiment is proportional to the net heat of complete 
combustion of the polymer as determined in an oxygen bomb calorimeter [24 and 54]. The net 
heat of complete combustion calculated from oxygen consumption and equation 4 as the total area 
under the heat release rate curve is 29.1 kJ/g, which is in agreement with literature values for this 
polymer [22 and 54]. Table 2 shows that the net heats of complete combustion measured by PCFC 
agree with literature values [22 and 54] to within 2% average relative error for the 10 polymers 
listed in table 2. 



HGURE 8. HEAT RELEASE RATE FOR OXIDATIVE PYROLYSIS- 
COMBUSTION OF POLYCARBONATE 
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TABLE 2. NET HEATS OF COMBUSTION (kJ/g) OF SELECTED POLYMERS BY 
PCFC AND OXYGEN BOMB CALORIMETRY 


Polymer 

PCFC 

Oxygen 

Bomb 

Polyethylene 

44.1 

43.3 

Polystyrene 

40.1 

39.8 

Polyetheretherketone 

30.9 

30.2 

Phenolic Triazine 

29.5 

29.8 

Polycarbonate 

29.1 

29.8 

Poly(p-aramide) 

28.1 

27.8 

Polybutyleneterephthalate 

26.3 

26.7 

Polymethylmethacrylate 

25.0 

24.9 

Polyethyleneterephthalate 

23.2 

21.8 

Polyoxymethlene 

15.0 

15.9 


DISCUSSION 

Pyrolysis-combustion flow calorimetry is a verified method for measuring static (heat release 
capacity and total heat) and dynamic (heat release rate) combustion parameters of materials. Early 
work in our laboratory suggested a proportionality between specific heat release rate and the heat 
release rate in flaming combustion [55], and recent work [14, 47, and 48] has focused on 
developing the physical basis for this relationship and improving the measurement technique. The 
derived relationship between the average flaming heat release rate HRR (W/m^) of thick samples 
measured in a fire calorimeter and the specific heat release rate (W/kg) is [47 and 48] 

HRR = xp5qr (9) 

where %, p, and 5 are the combustion efficiency in the flame, polymer density, and the pyrolysis 
zone depth at the burning surface, respectively, and q”'" is the maximum specific heat release rate 

measured (e.g., by PCFC) at heating rate p = q^„,/Kphg [47 and 48], where q„^,is the net heat flux 
into the sample. At an external heat flux typical of large fires and fire calorimeter tests, q^,,,= 50 
kW/m^ the pyrolysis zone depth is on the order of 5 = 0.5 mm [48 and 56], so that for typical 
X = 0.8 ±0.2, polymer thermal conductivity k = 0.2 W/m-K and p = 1100 kg/m^ the ratio of the 
flaming and nonflaming (specific) heat release rates is 


HRR 

* max 

qc 


Xp5 = 0.4 ± 0.2 kg/m^ 


( 10 ) 


The proportionality between the average heat release rate in flaming combustion and the specific 
heat release rate is confirmed in figure 9 with slope, HRR/q™"= 0.5 kg/m^ in the expected range. 
The flaming heat release rates plotted in figure 9 are average values over the duration of flaming, 
taken from the literature [57, 58, 59, 60, and 61] or measured in our laboratory [62 and 63] 
according to a standard method [20] using 10 x 10 x 0.64 cm (= 80 g) polymer samples in a fire 
calorimeter at an external heat flux q^,^,= 50 kW/m^ (net heat flux, q„^,== 35 kW/m^). Specific heat 
release rates plotted in figure 9 were calculated by multiplying the polymer heat release capacities 
by the heating rate in the fire calorimeter, P = q^^t/^phg = 2 K/s. 
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FIGURE 9. FLAMING HEAT RELEASE RATE VERSUS NONFLAMING (SPECIFIC) 

HEAT RELEASE RATE 

CONCLUSIONS 

Pyrolysis-combustion flow calorimetry (PCFC) is a reproducible, calibrated technique for 
measuring dynamic and static combustion parameters of materials that provides a convenient 
methodology for estimating the fire hazard potential of a material using only milligram samples. 
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APPENDIX A—FLOW MODEL FOR DECONVOLUTION 


In the pyrolysis-combustion flow calorimeter (figure 1), the oxygen concentration is measured 
several meters downstream from the point at which the pyrolysis gases are generated, mixed with 
excess oxygen in the heated manifold, and enter the combustor. As the oxygen depletion profile 
moves through the 6-mm (1/4-inch) diameter tubing of the instrument, mixing and diffusion of 
the flow stream in the combustor and scrubbers tends to broaden and attenuate the peak. These 
effects must be corrected to synchronize the fuel generation history of the sample with the 
oxygen consumption history measured at the downstream detector. 


The oxygen signal distortion is assumed to be the result of simple mixing in a perfectly stirred 
dead volume, Vq , which may be distributed over the flow path. In this case, the mass of oxygen 
in the mixing volume at any time is 


mo, = pVo[02] = pVo[OJ““' 


(A-1) 


where p is the gas density and [Oj] is the instantaneous volume fraction (concentration) of 
oxygen in the gas stream which, if Vq is well mixed, is equal to the oxygen concentration leaving 
Vo and entering the detector, so [O 2 ] = [ 02 ]™'. For a constant volumetric flow F, the change in 
the mass of oxygen in the mixing volume over any time interval, dt, is 


dmo^ 


f -n 

mr 




(A-2) 


where m^ and ih^ ‘ are the mass flow rates of oxygen into and out of the well mixed volume, 

U2 ^2 

Vq, Differentiating equation A-1 with respect to time and equating the result to the differential 


form of equation A-2 

Amo^s mo,-mo^= pF[02]“- PF[02] = pFf[02]-[o 


ou., d[0,] 

2| I PVfl 


dt 


(A-3) 


where rh" is the base line mass flow rate of oxygen and Arho is the mass consumption rate of 

O 2 ^ 

oxygen relative to the base line. Making the substitutions, 0 = [ 02 ]° — [ 02 ]°“ and x = Vg/F, the 
specific heat release rate in terms of the oxygen concentration at the detector is 


Qc(t) 


^ EAmo/t) = C 


de 

0 + t: — 

I dt 


/ 


(A-4) 
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where C = EpF (a constant with units of Watts). Equation A-4 synchronizes the oxygen signal 
with the heat release history of the solid. Inverting equation A-4 




(A-5) 


shows that the oxygen depletion measured at the detector 9(1) is distorted (convoluted) by an 
exponential apparatus function. The convolution integral (equation A-5) can be solved exactly 
for a heat release rate history that has an analytic form. An experimentally convenient heating 
history is a step change in heat release rate, i.e., Q^(t) = 0 for -oo < t < 0, and, Q^(t) = Q" (a 

constant) for t > 0, which when substituted into equation A-5 and solved 

^ /'- “P {- <• - H - '’‘P (- (A-6) 

shows that 9 approaches an equilibrium value Q”/C as t ^ oo, and that, t = x when 9 equals 63% 
of this steady-state value for a constant heat flow Q°. This result and the step change heating 
history is the basis of the calibration procedure for the PCFC (see figure 5). 
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